Crystallization of amorphous silicon ͑a-Si͒ thin film occurred by the self-propagation of copper oxide/aluminum thermite nanocomposites. Amorphous Si films were prepared on glass at a temperature of 250°C by plasma enhanced chemical vapor deposition. The platinum heater was patterned on the edge of the substrate and the CuO / Al nanoengineered thermite was spin coated on the substrate that connects the heater and the a-Si film. A voltage source was used to ignite the thermites followed by a piranha solution ͑4 Unlike most other techniques, laser induced crystallization does not require high temperatures ͑Ͼ180°C͒ and long processing times to produce good quality poly-Si films. The major disadvantage of laser crystallization is its low throughput due to small laser spot size, which is not suitable for large area such as solar cells. Thus, high temperature and long processing times for various crystallization methods, and small spot size of the laser are not suitable for producing poly-Si film on a large surface area of glass or flexible plastic substrates. Low cost plastic substrates such as polyethersulphone can be used for flexible electronics if the device is fabricated under 180°C. This study investigates the crystallization of a-Si layer achieved by the ignition of nanoengineered thermite materials such as CuO / Al. Explosives have been utilized previously to crystallize amorphous materials; 5,6 however, there is no information currently available on thin film crystallization using nanoengineered thermites. Our approach utilizes thermite reaction to induce crystallization of a-Si thin film; such energetic reactions are self-propagating exothermic reactions, which produce localized heating effects. We discovered that thermites, nanoengineered by the self-assembly approach, produced a self-propagating chemical reaction over a period of microseconds. 7, 8 The exothermic reaction propagates at a rate of 1500-2000 m / s resulting in heat release. This heat can be used advantageously to crystallize a-Si. High quality poly-Si films can be prepared on large substrates utilizing this released heat. Nanoengineered thermites were prepared by sonicating a mixture of CuO nanorods ͑10 nm diameter and 70 nm long͒ and aluminum nanopowder ͑80 nm diameter͒. The details of the nanorod preparation and the characterization of the thermites are presented in Ref. 9. The thermites displayed the following chemical reaction:
Polycrystalline silicon ͑poly-Si͒ is one of the most promising materials for fabricating solar cells and thin film transistors. It can be deposited directly by low pressure chemical vapor deposition or it can be prepared by various crystallization techniques of amorphous Si ͑a-Si͒.
1-4 Some of the current strategies include laser crystallization, 2 hydrogen induced crystallization, 3 and metal induced crystallization. 4 Unlike most other techniques, laser induced crystallization does not require high temperatures ͑Ͼ180°C͒ and long processing times to produce good quality poly-Si films. The major disadvantage of laser crystallization is its low throughput due to small laser spot size, which is not suitable for large area such as solar cells. Thus, high temperature and long processing times for various crystallization methods, and small spot size of the laser are not suitable for producing poly-Si film on a large surface area of glass or flexible plastic substrates. Low cost plastic substrates such as polyethersulphone can be used for flexible electronics if the device is fabricated under 180°C. This study investigates the crystallization of a-Si layer achieved by the ignition of nanoengineered thermite materials such as CuO / Al. Explosives have been utilized previously to crystallize amorphous materials; 5, 6 however, there is no information currently available on thin film crystallization using nanoengineered thermites. Our approach utilizes thermite reaction to induce crystallization of a-Si thin film; such energetic reactions are self-propagating exothermic reactions, which produce localized heating effects. We discovered that thermites, nanoengineered by the self-assembly approach, produced a self-propagating chemical reaction over a period of microseconds. 7, 8 The exothermic reaction propagates at a rate of 1500-2000 m / s resulting in heat release. This heat can be used advantageously to crystallize a-Si. High quality poly-Si films can be prepared on large substrates utilizing this released heat. Nanoengineered thermites were prepared by sonicating a mixture of CuO nanorods ͑10 nm diameter and 70 nm long͒ and aluminum nanopowder ͑80 nm diameter͒. The details of the nanorod preparation and the characterization of the thermites are presented in Ref. 9 . The thermites displayed the following chemical reaction:
where ⌬H is the released heat. For CuO / Al exothermic reaction, the released heat is 604 kJ/ mol and the adiabatic reaction temperature is 3794 K.
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The a-Si samples were prepared by plasma enhanced chemical vapor deposition on glass substrates. The thickness of the a-Si layer was 300 nm. A thin layer of platinum ͑90 nm thick and 2.5 mm wide͒ was deposited on the edge of the substrates, which functioned as a heater for initiating the self-propagating reaction for the energetic materials. The substrates with a-Si and the platinum heater were spin coated with the thermites and dried at 105°C in an oven for 10 min. The scanning electron microscopy ͑SEM͒ cross sectional image of the CuO / Al slurry used as the nanoengineered thermite in this experiment is shown in Fig. 1 The figure shows the presence of microvoids in CuO / Al slurry coated films with scattered spots in contact with the suba͒ Author to whom correspondence should be addressed; electronic mail: gangopaghyays@missouri.edu strate. The microlevel porosity, primarily due to poor particle film packing, may cause nonuniform heat release. After the ignition, the combustion products were rinsed first in acetone and then etched in a piranha solution ͑4:1 of H 2 SO 4 :H 2 O 2 ͒. Samples were also made where multilayer Pt/ Al ͑four platinum layers 50 nm thick each and three Al layers 70 nm thick each͒ films were introduced between the a-Si films and the nanoengineered thermites. The goal of this experiment was to transfer heat from the CuO / Al thermite to the Pt/ Al multilayer thermite films for initiating the self-propagation of this intermetallic system. As the Pt/ Al multilayer structure was a sputtered continuous thin film, it was expected that the heat release would be uniform. For the Pt/ Al exothermic reaction, the released heat is 280 kJ/ mol and the adiabatic reaction temperature is 3073 K. 10 The Raman spectra were measured at room temperature in a confocal geometry using a 785 nm diode laser. The power of the laser was low ͑5 mW͒ to avoid laser induced crystallization and the spot size was 3.5ϫ 3.5 m 2 . SEM and energy dispersive spectroscopy ͑EDS͒ were used to characterize the samples at atomic level. Atomic force microscopy ͑AFM͒ was used for surface morphology and grain size measurement.
The optical micrograph of the sample after piranha etching is shown in Fig. 2 along with the Raman spectra. The micrograph shows different regions in black and gray. The Raman mapping was performed on the sample on a 49 ϫ 31.5 m 2 area. The Raman spectra were measured in 2.5 m intervals. Each region was fitted with the single Si crystalline peak and the intensity of this peak is plotted as a function of the sample area in a color code on the optical micrograph where the intensity is lowest for the dark squares. Thus the dark regions ͑gray in the optical image͒ correspond to regions of almost no crystallization. The top spectrum of the figure shows that the film remains amorphous with a broad peak at 480 cm −1 . This peak is due to the transverse optical mode of a-Si. 11 The bottom spectrum of the figure shows that the a-Si partially crystallized with a sharp peak at 517 cm −1 and a broad amorphous peak around 480 cm −1 . The middle spectrum shows only one sharp peak at 519 cm −1 without having an amorphous peak confirming complete crystallization in that region.
The data of the bottom spectrum in Fig. 2 are fitted with PEAKFIT software with one Lorentzian profile for the crystalline region and two Gaussian profiles for the grain boundary and amorphous regions. The data from the fit are summarized in Table I of single crystalline Si ͑at 520 cm −1 ͒ usually occurs due to nanometer ͑Ͻ10 nm͒ size grains or due to residual stress. 12 Kitahara et al. 12 reported that peak shift due to smaller grain size occurs if full width at half maximum ͑FWHM͒ broadened over 8 cm −1 . On the other hand, peak shift occurs due to stress with FWHM Ͻ8 cm −1 as the grain size effect is negligible. Since FWHM for the crystallized region is 5 cm −1 , which is close to the value obtained for single crystal silicon ͑4 cm −1 ͒, we believe that this shift is caused by the residual stress produced by the localized heating of the film. Crystalline volume fraction X c for this region is estimated to be 33% from X c = ͑I c + I gb ͒ / ͑I c + I gb + I a ͒, where I c , I gb , and I a are the areas under the peaks of crystalline, grain boundary, and amorphous peaks, respectively.
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The data of the middle spectrum of the figure ͑black region͒ were also fitted showing only one peak at 519 cm −1 with a FWHM of 6 cm −1 . This region ͑black͒ did not show any amorphous peak indicating a crystalline volume fraction of 100%. The difference in the peak position and crystalline volume fraction suggests that the region where thermites were in direct contact with a-Si crystallized maximally having lower residual stress since the peak shift is only one ͑from 520 to 519 cm −1 ͒. The region where thermites were not in direct contact with a-Si crystallizes less having higher residual stress since the peak shift is three ͑from 520 to 517 cm −1 ͒. The difference in the residual stress in two different regions may be due to the difference in the heat transfer process from the thermite reaction. Further experiments are needed to understand the effect of heat transfer rate on crystallization and thermal stress.
SEM and EDS were used to analyze the sample after the energetic reaction where maximum crystallization was achieved. The SEM image of Fig. 3 shows some peaks and valleys and a uniform flat region where EDS analysis was performed. The valleys or the peaks are formed where the thermite touches the a-Si, the region with no contact of thermite, and where the a-Si remained flat. Thus, during selfpropagation, the thermites reacted with a-Si at regions of contacts and in the other region, a-Si remained unreacted. The EDS analysis shown in Fig. 3 a-Si did not react with the thermites during self-propagation. The fast propagating chemical reaction in thermites may generate shock waves and influence the crystallization process. To understand the mechanism of the crystallization, samples were also prepared by introducing a thin aluminum layer of 45 nm between the a-Si and thermite. The metal layer may reduce the diffusion of thermites into a-Si during reaction and may also control the crystallization depth. Raman mapping was also performed on the sample and a maximum of 43% crystalline volume fraction was achieved due to the partial heat loss to the metal layer compared to 100% crystalline volume fraction for the sample without an Al layer. This verifies that the crystallization was mostly due to the heating effect. Further experiments are needed to understand the effect of shock waves on crystallization.
As such, the crystallized sample is not uniformly crystalline; rather, it has microcrystals embedded in a-Si. The samples prepared by introducing the Pt/ Al multilayer structure between a-Si and CuO / Al thermites were ignited and characterized. Our experiments have shown that the selfpropagating reaction with Pt/ Al multilayer structure cannot be sustained by the usual way of heating a Pt heater with a voltage source. CuO / Al nanoengineered thermites were coated on top of the Pt/ Al multilayer structure to initiate the uniform reaction in Pt/ Al thermite using the released heat of CuO / Al thermites. Metal/metal thermites usually have slow self-propagating reactions in the range of 1 -10 cm/ s. 13 The heat losses to the substrates may be the reason why the metal/metal thermite cannot sustain the self-propagating reaction when deposited on the substrates.
After the initiation of the self-propagating reaction, the samples were etched in the Al etchant ͓85% H 3 PO 4 , 5% HNO 3 , 5% CH 3 COOH, and 5% de-ionized ͑DI͒ water heated at 40°C͔ to remove the residue of the reaction. Raman mapping was performed on the sample, which showed ͑see Fig.  4͒ almost uniform crystallization in a 45ϫ 35 m 2 region. The data were measured in 3 m intervals. The crystalline volume fraction for all points in the mapping region was calculated to be in the range of 60%-65% with FWHM of 6 cm −1 at a position of 515 cm −1 . Higher peak shift for this sample suggests having higher residual stress. Slow propagation of energetic reaction in intermetallic thermites may result in slow heat transfer to a-Si and have higher thermal stress. Figure 5 shows the EDS mapping along with the SEM image. Figure 5͑a͒ corresponds to the combined mapping of all four materials, while Fig. 5͑b͒ shows the SEM image of the same region. Figures 5͑c͒, 5͑d͒ , 5͑e͒, and 5͑f͒ show mapping of each individual ͑Cu, Pt, Al, and Si, respectively͒ material. In each individual mapping, a bright region represents the presence of the material, while a dark region represents the absence of the material. In the individual mapping, Si shows almost all bright regions. Cu, Al, and Pt mapping shows the opposite of Si with almost all dark with a few bright regions. The combined mapping shows a continuous layer of Si confirming uniform crystallization with small amounts of Pt, Al, and Cu, which are the residue of the thermite reaction and can be etched with proper etchant. The Pt/ Al multilayer structure significantly reduced the CuO / Al reaction with Si. In this case CuO / Al functioned as an ignitor for Pt/ Al and a-Si absorbed the released heat from the Pt/ Al thermite. The Pt/ Al multilayer structure uniformly released the heat from thermite reaction which caused the uniform crystallization of a-Si.
Morphological properties of the prepared films have been investigated by AFM. The measurement was performed with a Nanoscope IIIa ͑Veeco Instruments, Inc.͒ operating in the noncontact or tapping mode. Commercial ultrasharp, rectangular silicon cantilevers made by Micromasch were used having a nominal spring constant of ϳ0.35-0.70 N / m. Figure 6 shows the AFM image of the sample for a 5 ϫ 5 m 2 region. The image shows uniform crystallization with the grain size of about 3 m.
Conductivity measurements on both samples ͑controlled and processed by Pt/ Al multilayer structure͒ were performed by depositing Al contacts using the transmission line method ͑TLM͒.
14 The dark conductivity and photoconductivy of the films before and after the combustion process with the Pt/ Al multilayer structure were measured using the microscope light source 20 W, halogen bulb͒. The results were 3.8 ϫ 10 −9 ⍀ −1 cm −1 ͑dark͒ and 1.5ϫ 10 −5 ⍀ −1 cm −1 ͑light͒, and ϳ1 ⍀ −1 cm −1 ͑dark͒ and ϳ1 ⍀ −1 cm −1 ͑light͒, respectively.
